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We present a collimation technique based on a double grating system to locate with high accuracy an
emitter in the focal plane of a lens. Talbot self-images are projected onto the second grating producing
moiré interferences. By means of two photodetectors positioned just behind the second grating, it is pos-
sible to determine the optimal position of the light source for collimation by measuring the phase shift
between the signals over the two photodetectors. We obtain mathematical expressions of the signal in
terms of defocus. This allows us to perform an automated technique for collimation. In addition, a simple
and accurate visual criterion for collimating a light source using a lens is proposed. Experimental results
that corroborate the proposed technique are also presented. © 2010 Optical Society of America
OCIS codes: 050.0050, 050.2770, 120.1680.
1. Introduction
Because of their long range of applications, double
grating systems have been studied for many years
[1–3]. These systems are found in several different
devices such as optical encoders, machine tools, ro-
botics, interferometers, and spectrometers [4–6].
Also, double grating systems have been successfully
employed in wavefront sensing and beam aberration
measurements [7–12]. Related to these applications,
collimation testing appears as a useful application of
double grating systems [13–15].
Away to obtain a collimated beam is to place a nar-
row light source, such as a LED, in the focal plane of a
lens. Theusual collimation technique based ondouble
grating imaging uses Talbot self-imaging magnifica-
tion [16]. When a collimated beam passes through a
diffraction grating, self-images of the grating appear
in the near field at certain distances, known as Talbot
distances, which are zT ¼ np2=λ, where p is the period
of the grating, λ is the wavelength, and n is an integer.
On the other hand, when the light beam is not colli-
mated, the Talbot distances change [17–19]. In both
cases moiré fringes can be obtained when a second
grating with the same period as the first is placed
at some Talbot plane. Consequently, a way to test
the collimation degree using a double grating system
is to place the secondgrating at the location of the self-
images. Then the beam collimation is varied until the
amplitude or contrast of the fringes formed after the
second grating reaches a maximum. Although this
technique leads to an easy collimation test, the reso-
lution of the technique is low since it depends on the
width of the self-images along z.
Here we propose an accurate collimation technique
based on double grating imaging in which the mea-
surement is performed to determine the phase shift
between two optical signals captured after the second
grating with two photodetectors laterally displaced
with respect to the optical axis. The relative phase be-
tween both signals strongly depends on the degree of
collimation of the beam. As a result, the accuracy of
this technique is very high, as we demonstrate by ex-
perimental and theoretical results. An electronic cir-
cuit canmeasure the phase shift between both signals
and therefore the proposed technique can be imple-
mented in an automated fashion. Also, the collima-
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tion can be easily performed using a visual technique
by means of the Lissajous figure obtained with both
signals.
In Section 2 we use a near-field approach to obtain
the intensity distribution of a double grating system
(moiré system) when the emitter is not at the focus of
the collimating lens. Analytical expressions are ob-
tained that allow us to relate the phase shift of the
signals and the defocus. In Section 3 we analyze the
Lissajous figures obtained for different defocus de-
grees so that we propose a simple visual collimating
test. Finally, in Section 4 an experimental demon-
stration of the system behavior is presented compar-
ing it with the analytical results and corroborating
its validity. For a standard configuration, a defocus
of 1 μm can be detected with the proposed technique.
2. Noncollimated Beams through a Double Grating
System
Let us consider the double grating system in a one-
dimensional approach as shown in Fig. 1(a). For sim-
plicity, let us consider a one-dimensional approach. A
punctual and monochromatic light source with wave-
length λ is placed at a distance z0 from an aberration-
free collimating lens, L1, whose focal length is f . Then
the light beampropagates a distance z1 to the first dif-
fraction grating G2 and a distance z2 from the first to
the second grating G3. The periods of both gratings
are the same, p2 ¼ p3 ¼ p. The distance between G2
andG3, z2, should be amultiple of the Talbot distance,
zT ¼ p2=λ, to obtain fringeswith high contrast just be-
hind the second grating. Henceforth, subindices 0, 1,
2, and 3 refer to the light source, the lens, the first
grating, and the second grating, respectively. Two
photodetectors are positioned behind the second grat-
ing to convert the optical signals into electrical
signals. Both photodetectors are symmetrically lo-
cated with respect to the z axis, over the same x − y
plane. In Fig. 1(a) the system is shownwhen the emit-
ter is at the focal point of the lens (z0 ¼ f ). In contrast,
when the emitter is out of focus, as in Fig. 1(b), the
beam is not collimated, and z0 ¼ f þΔz, with Δz de-
noting a small displacement along the z axis with re-
spect to the focal plane.
The transmittance of gratings G2 and G3 is de-
scribed by means of their Fourier series expansion as
t2ðxÞ ¼
X
n
an exp½iqnðx −Δx2Þ;
t3ðxÞ ¼
X
m
bm exp½iqmðx −Δx3Þ; ð1Þ
where q ¼ 2π=p, an and bm are theFourier coefficients
of both gratings, Δx2 and Δx3 represent the relative
displacement of the gratings with respect to the ori-
gin, and n and m are integers. We assume that p is
much larger than the wavelength so that a scalar ap-
proach can be used. The field in front of collimating
lens L1 can be obtained using a one-dimensional
Fresnel approximation, resulting in
U1ðx1Þ ¼ U0
eikðfþΔzÞffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f þΔz
p ei k2ðfþΔzÞx21 ; ð2Þ
where k ¼ 2π=λ and U0 is the amplitude of the light
field. Just behind the lens, defined as hlðxÞ ¼
expð−ikx2=2f Þ, the field results in U 01ðx1Þ ¼ U1ðx1Þ
hlðx1Þ. Since the defocus distance Δz is usually much
smaller than the focal length of the lens, Δz≪ f , we
can approximate the complex amplitude just after the
collimating lens as
U 01ðx1Þ ≈ U0
eikðfþΔzÞffiffi
f
p exp

−i
kΔz
2f 2
x21

: ð3Þ
Equation (3) describes the propagation of a spherical
wave except when Δz ¼ 0 results as a plane wave.
When thiswave propagates a distance z1, the complex
amplitude results:
U2ðx2Þ ¼
eikz1
i
ffiffiffiffiffi
λz
p
Z
U 01ðx1Þei
k
2z1
ðx2−x1Þ2dx1
≈ U0
eikðfþΔzþz1Þffiffiffiffi
if
p eikαx22=2; ð4Þ
where α ¼ 1=z1 − 1=ðz1 − z21 ·Δz=f 2Þ≃ −Δz=f 2. Now,
using Eqs. (4) and (1), we propagate the wave through
the first grating U 02ðx2Þ ¼ U2ðx2Þt2ðx2Þ, followed by a
distance z2 to the second grating, resulting in
Fig. 1. Double grating collimating system with the light source
(a) located at the focal point of lens z0 ¼ f and (b) placed at
z0 ¼ f Δz.
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U3ðx3Þ ¼
eikz3
i
ffiffiffiffiffiffiffi
λz3
p
Z
U 02ðx2Þei
k
2z2
ðx3−x2Þ2dx2
¼ U0
eikðΔzþz1þz2Þ
i
ffiffi
f
p ei k2z2x23 11þ1=αz2
×
X
n
ane−iqnΔx2e
−iq
2n2
2k
z2
1þαz2ei
qnx3
1þαz2 : ð5Þ
Thus we can write the intensity as
I3ðx3Þ ¼ U3ðx3ÞU3ðx3Þ ¼
I0
f
X
n
X
n0
anan0
× e−iqðn−n0ÞΔx2ei
q
1þαz2ðn−n
0Þx3e−i
q2
2kðn2−n02Þ
z2
1þαz2 ; ð6Þ
with I0 ¼ U0U0. The first exponential is related to the
phase shift produced by the movement of grating G2,
the second exponential is related to the period of self-
images, and the last exponential is related to changes
in the position of the Talbot planes.
The intensity distribution just behind the second
grating, I03ðx3Þ ¼ I3ðx3Þt3ðx3Þ, is given by
I03ðx3Þ ¼
I0
f 0
X
n
X
n0
X
m
anan0bme
−iq½ðn−n0ÞΔx2þmΔx3
× e−i
q2
2kðn2−n02Þ
z2
1þαz2e
iq

ðn−n0 Þ
1þαz2þm

x3
: ð7Þ
Behind the second grating, a pair of photodetectors is
used to transform the optical signals into electrical
signals. The detectors have area sizew and their cen-
ters are placed at xa and −xa. Signals SA and SB over
the detectors are defined as an integration of I03ðx3Þ
over the area of the photodetector:
SAðΔx2Þ ¼
Z−xaþw=2
−xa−w=2
I03ðx3Þdx3;
SBðΔx2Þ ¼
Zxaþw=2
xa−w=2
I03ðx3Þdx3; ð8Þ
which result in
SA;BðΔx2Þ ¼
I0
f
X
n
X
n0
X
m
anan0bm
× exp½−iqðn − n0ÞΔx2e−iqmΔx
A;B
3
× e−i
q2
2k
ðn2−n02Þz2
1þαz2 e
iqxa

ðn−n0 Þ
1þαz2þm

× sinc

qw
2
ðn − n0Þ
1þ αz2
þm

; ð9Þ
where SA;BðΔx2Þ represents both signals SAðΔx2Þ
and SBðΔx2Þ since we included a  sign in Eq. (9).
The effect of defocus appears in the last three factors
of Eq. (9). The first (the exponential term that de-
pends on n2) indicates that the location of the Talbot
planes changes the defocus of the light source. The
second (the exponential term that depends on n) in-
dicates that there is a phase shift of the signal since
the period of the self-images produced by the first
grating, G2, is not equal to that of the grating. This
phase shift between signals SAðΔx2Þ and SBðΔx2Þ
governs the measurement principle for this techni-
que. The third (the sinc factor) indicates that the con-
trast of the signal decreases since the period of the
optical signal is not equal to the period of the second
grating G3.
Nevertheless, the variation of the location of
Talbot planes is normally very small when Δz≪ f ,
and it does not produce a significant variation of
the signal amplitude. As is shown in Fig. 2, the signal
over detector is near constant when the light source
moves approximately 30 μm around the focal plane.
Also, the size of the photodetectors is normally much
larger than the period of the grating, w≫ p. Then,
the sinc term is significant only when the argument
is close to zero, that is, whenm ¼ −nþ n0. Therefore,
the sum overm can be removed and the final expres-
sion for the signals over both detectors results in
SA;BðΔx2Þ ≈
I0
f 0
X
n
X
n0
anan0b−ðn−n0Þe
−iqðn−n0ÞðΔx2−ΔxA;B3 Þ
× e−i
q2
2kðn2−n02Þz2e∓iqxaαz2ðn−n0Þ: ð10Þ
Note that, to obtain signals SA and SB, a relative dis-
placement of grating G2 with respect to the rest of
Fig. 2. Effect of defocusing: optical intensity over detector. The
light source travels from z0 ¼ f − 20 μm to z0 ¼ f þ 20 μm. Para-
meters of the analysis are p ¼ 20 μm, λ ¼ 650nm, w ¼ 1mm,
xa ¼ 4mm, f ¼ 10mm, z1 ¼ 1mm, and z2 ¼ zT ¼ p2=λ. The inten-
sity remains almost constant, showing the validity of our
approach.
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components is required. Then there is a temporal
dependence of signals with time Δx2 ¼ Δx2ðtÞ.
The main effect of defocus is a variation in the re-
lative phase between signals SA and SB, produced by
the last exponential term. This phase shift increases
as the distance between the center of the photo-
detectors and the optical axis, xa, increases. As a con-
sequence, a highly sensitive collimation technique
can be performed by determining the phase shift be-
tween both electrical signals, which can be measured
as the distance between the maxima of both signals.
Thismeasurement can be easily automated bymeans
of cross correlation between both signalsSAðΔx2Þ and
SBðΔx2Þ:
corrðf ; gÞ ¼
Z
f ðxÞgðxþ uÞdu; ð11Þ
which can be carried out using a simple electronic cir-
cuit. Signals SAðΔx2Þ and SBðΔx2Þ present the same
shape but are displaced from each other. Then the
cross correlation presents amaximumwhose position
xmax depends on the phase shift between them. This
phase shift can be obtained by 2πxmax=p.
In addition, for this case the value of ΔxA3 −ΔxB3 is
not important; we can set it to ΔxA3 −ΔxB3 ¼ 0. The
design of G3 also simplifies since it can be a single
diffraction grating identical to G2.
We can analyze the signals at the detectors by
using Eq. (10). As an example, let us consider that
the wavelength is λ ¼ 650nm, the grating period is
p ¼ 100 μm, the focal length of the collimating lens
is f ¼ 10mm, and both detectors have length w ¼
1mm and are placed at xa ¼ 4mm. The distance be-
tween components is z1 ¼ 1mm, and z2 ¼ p2=λ (the
first Talbot distance) to obtain self-images of the first
grating over the detectors positioned behind the sec-
ond grating.
We first calculate signals SA and SB, which are
shown in Fig. 3; defocus Δz ¼ 1 μm is shown in
Fig. 3(a) and defocus Δz ¼ 10 μm is shown in Fig.
3(b). Although it is difficult to visually appreciate
a displacement between the signals along the x axis,
we can obtain a numerical value for this phase shift
by just measuring the displacement between maxi-
mum peaks by means of correlation.
The effect of defocusing over the phase shift be-
tween signals is shown inFig. 4.When the light source
is not at focus, the signals present a displacement that
can be measured by determining the phase shift be-
tween signals SA and SB. In the example proposed,
a defocus of Δz ¼ 10 μm produces a phase shift of
10°. In practice, due to the manufacturing process,
an error of approximately 0:1 μm exists in the shift
between the two scanning gratingsΔxA3 −ΔxB3 . In the
proposed example that means an error in the phase
shift of 0:36°. In any case, this is a fixed error and
it could be measured and conveniently corrected for
a real device.
3. Visual Criterion for Collimation
When an automated procedure is not required or
available but a visual criterion is enough, we can
use Lissajous curves produced by signals SA and
SB to place the light source in the focal plane of the
lens. Grating G2 moves with respect to the rest of the
components. Then there is a displacement Δx2 that
depends on time Δx2 ¼ Δx2ðtÞ. This time variation
produces the Lissajous figures SAðΔx2Þ, SBðΔx2Þ →
SAðtÞ, and SBðtÞ.
When the phase shift between both electrical sig-
nals is ΔxA3 −ΔxB3 ¼ π=2, then the Lissajous figure
becomes a circle for perfect collimation. As a conse-
quence, we set ΔxA;B3 ¼ p=4. However, when the
beam is not collimated, an additional shift is produced
and then the Lissajous figure becomes an ellipse
whose eccentricity depends on the shift between both
signals. This dependence leads us to propose a simple
visual criterion to determine the degree of collima-
tion. As an example, Lissajous figures for different de-
focus distancesΔz are shown inFig. 5. In this case,we
canvisually appreciate variations in theLissajous fig-
ure for defocus of less than 1 μm. Since the effect of
defocusing differs depending on the sign of Δz, we
can detect the direction in which we need to move
the emitter.
Fig. 3. Theoretical signals SA (solid curve) and SB (dashed curve)
using n ¼ n0 ¼ −1, 0, 1 orders. The parameters for analysis are the
same as in Fig. 2: (a) Δz ¼ 1 μm and (b) Δz ¼ 10 μm.
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4. Experimental Results
We performed an experiment to validate the theore-
tical predictions. A scheme of the setup is shown in
Fig. 6. The illumination part consists of a LED
(HE8807SG by Hitachi) with wavelength λ ¼ 880nm
and a lens with a focal length of f ¼ 9mm. The LED
is positioned on a micrometric linear stage so that it
can be moved with respect to the lens. The lens is
placed on a metallic cylinder and the LED is dis-
placed to ensure that it is perfectly aligned at the op-
tical axis. The first grating G2 is an amplitude
grating with period p ¼ 20 μm, and it is placed at a
distance z1 ¼ 20mm from the lens. The second grat-
ing G3 is composed of two gratings with period p ¼
20 μm and with a lateral shift of ΔxA3 −ΔxB3 ¼ 5 μm
between them. G3 is placed at a distance z2 ¼
2p2=λ ¼ 0:909mm from the first grating. The photo-
detectors, with a size of w ¼ 500 μm, are located
directly behind the mask and are placed at xa ¼
2mm from the axis.
Fig. 6. (Color online) Schematic of the experimental setup.
Fig. 4. Theoretical phase shift angle betweenSA and SB when the
light source travels from z0 ¼ f − 25 μm to z0 ¼ f þ 25 μm. The
parameters for the analysis are the same as in Fig. 2.
Fig. 5. Theoretical Lissajous curves using n ¼ n0 ¼ −1, 0, 1 orders
for different light source locations: (a) Δz ¼ 1 μm, (b) Δz ¼ 10 μm,
(c) Δz ¼ −1 μm, (d) Δz ¼ −10 μm. The rest of the parameters are
the same as in Fig. 2.
Fig. 7. Experimental Lissajous curves obtained for two different
defocus distances Δz: (a) Δz ¼ −1 μm and (b) Δz ¼ 10 μm. Crosses,
experimental data; solid curve, theoretical prediction, Eq. (10).
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The experiment consists of moving the first grating
along the x axis and acquiring the signals of the pro-
pagated intensity after the second grating. A poster-
ior step is to perform a summation of the intensity for
each photodetector separately, obtaining signals SA
and SB. These signals are acquired for several dis-
tances Δz between the LED and the focal plane of
the lens. As an example, the experimental Lissajous
figures (crosses) for Δz ¼ −1 μm and Δz ¼ 10 μm are
shown in Fig. 7, where a variation in the shape is ob-
served. In addition, in Fig. 7 we include the theore-
tical prediction (solid curve) given by the theoretical
expressions using the experimental values for all the
variables. The experimental Lissajous figures ap-
pear off-center since one of the two photodetectors
collected more light than the other. We then centered
the theoretical prediction to emphasize the almost
perfect concordance between theory and experiment.
We also determined the phase shift between sig-
nals SA and SB in terms of Δz using a correlation
technique, as is shown in Fig. 8. We can see that, for
a displacement ofΔz ¼ 5 μm, there is a phase shift of
1°, which can be easily detected. Since resolutions of
0:1° in the determination of the phase shift of two si-
nusoidal signals can be achieved, we could obtain a
resolution of approximately 0:5 μm by placing the
LED in the focal plane of the lens.
5. Conclusions
We have presented a technique to place a light source
in the focal plane of a lens to obtain a collimated light
beam. The technique is based on a double grating
system and consists of measuring the phase shift pro-
duced in the signals acquired with two photodetec-
tors that are off axis. A Fresnel approach is used
to obtain the analytical expressions that describe
the system. Also, experimental results show the va-
lidity of the technique. The sensitivity of the method
is quite good in comparison with conventional colli-
mation methods. Displacements of Δz ≈ 1 μm are
detectable.
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